Abstract: This paper describes 18 tensile tests performed on welded specimens made of 3 stainless steel grades: EN 1.4307 (304L) and EN 1.4404 (316L) austenitic grades and EN 1.4062 duplex grade. For each grade, 3 tests were carried out parallel to the weld causing shear stresses (in the weld throat plane, parallel to the weld throat axis) and 3 tests along the transverse direction, perpendicular to the weld, causing a combination of normal (perpendicular to the weld throat plane) and shear (in the weld throat plane, perpendicular to the weld throat axis) stresses. The digital image correlation (DIC) technique was used to measure the fracture surface. Based on these experiments, an assessment of the current design rules was made.
Introduction
Recently, stainless steels, and more specifically duplex grades, are increasingly used in loadbearing elements in the construction and transport sectors because those grades combine aesthetic appearance, excellent mechanical properties and corrosion resistance. Those grades are used in structural components in bridges, such as the Cala Galdana bridge in Menorca, the Siena Bridge in Ruffolo or the Millenium Bridge in York [1] . The components included in these applications can include both open or closed cross-sections which are, most of the time, fabricated cross-sections. Various studies show that the weldability of stainless steel is good and that most grades can be welded with all commonly used welding processes, provided that appropriate rules are followed [2] . However, research on the strength of stainless steel welds is rather scarce as only 46 experiments are today available in the literature [3] .
In practice, welds are designed by comparing the Von Mises stress in the weld throat plane to the ultimate strength fu of the base metal. The latter is divided by a correlation factor βw ≤ 1.0, taking into account the variety of carbon steel grades. For all stainless steel grades, EN 1993-1-4 [4] prescribes βw = 1.0. However, current research [5] suggests that a correlation factor βw smaller than 1.0 could be used for S460 carbon steel, which's strength is comparable to the presently studied duplex grade.
In this paper, experiments were conducted on both duplex and austenitic stainless steel welds. Based on these results, an attempt is made to amend the current correlation factor βw in EN 1993-1-4 [3] and EN 1993-1-8 [6] .
Welding Process and Procedure
All fillet welds were produced using manual gas metal arc welding (GMAW). The pulse arc mode guarantees a sound penetration with a lower heat input. The corresponding filler material for a stainless steel grade is chemically overmatched to ensure corrosion resistance, but mechanically matched to ensure structural integrity. For the tests performed during this study, the filler materials mentioned in Table 1 were used. For the EN 1.4307 grade, no corresponding filler material (type 304) exists. Typically, a type 308 filler material is used to weld this metal but, due to availability issues, a type 309 filler material was presently used instead. This should not influence the experimental results because the difference between both fillers' mechanical behaviour is limited. The EN 1.4307 and EN 1.4404 grades were both welded with an argon-based shielding gas, supplemented with 2.5% CO2, while Arcal 129 gas, which is an argon-based shielding gas with 1.7% nitrogen, 5% CO2 and 1.8% helium, was used for the EN 1.4062 grade.
The heat input was calculated from the measured voltage, current and travel speed, combined with the efficiency factor for the gas metal arc welding process (80%). The heat input is especially important when welding duplex stainless steels as it determines-together with other factors as the workpiece geometry or the preheat temperature-the cooling rate and thus the austenite-ferrite balance of the material. For the used duplex grade, a heat input ranging between 0.5 and 1.5 kJ/mm is recommended in [2] . The welding parameters, summarized in Table 1 , were tested on preproduction test pieces, on which visual testing, microstructural investigation and hardness testing were performed. The pre-production test pieces were cut, polished and etched for microstructural investigation. Test pieces made of EN 1.4307 and EN 1.4404 were chemically etched with an acidified ferric chloride solution, while EN 1.4062 was electrolytically polished with A3 elektrolyte and afterwards etched with a Lichtenegger and Bloech solution. Microstructural investigation is particularly important for the EN 1.4062 samples, as the austenite-ferrite balance plays an important role on the mechanical and corrosion-related characteristics of the material. For example, high ferrite contents can lead to brittle behaviour. This balance was measured by pixel counting with ImageJ software [7] based on 30 microscopic images, according to ASTM E 562 [8] , taken with a Hirox KH-8700 digital optical microscope with a magnification of 1000×. The results, together with the recommended values according to [9] , are summarized in Table 2 . The visual inspection revealed imperfections that fall within the limits of quality level B, except for intermittent undercut, which locally was inferior to quality level D, as mentioned in EN ISO 5817 [10] . However, later in this paper, it is shown that this will have no influence on the ultimate load. The Vickers hardness measurements showed a relative constant hardness level in the base metal and weld metal with a maximum difference of 8%. More information on the welding procedure and the subsequent quality assessment can be found in [11] .
Experimental Programme
This study and the ones included in [11, 12] concentrates on fillet welds with two loading directions and three stainless steel grades i.e., two austenitic grades, EN 1.4307 (304L) and EN 1.4404 (316L), and one duplex grade, EN 1.4062. Half of the tests were carried out with the load perpendicular to the welds causing both normal stress σ (perpendicular to the weld plane) and shear stress τ (perpendicular to the weld throat axis) and the other half of the tests with the load parallel to the weld causing only shear stress τ// (parallel to the weld throat axis). During the test, all deformations were measured using digital image correlation (DIC). Furthermore, a shape reconstruction utilizing DIC was used to measure the effective fracture area. The interested reader can find more about the DIC techniques in [13] and [14] .
Mechanical Properties of the Base Metal
One of the essential parameters in the design of welded components is the strength of the weakest joined part. The effect of the strength of the filler material on the strength of the weld is neglected in this study as proposed in the design recommendations of EN 1993-1-4 [5] . For each stainless steel grade, three dog-bone coupons, cut in the same direction as the welded specimens, were tested under tension. The two austenitic grades EN 1.4307 and EN 1.4404 exhibit a large ductility domain and significant strain hardening compared to the duplex grade EN 1.4062, which has a considerably higher yield strength (501 MPa compared to 284 MPa and 280 MPa for EN 1.4307 and for EN 1.4404, respectively) combined with a smaller but still considerable strain hardening domain. For more information on the stress-strain behaviour of stainless steel, the reader can refer to [11, 15] .
Experimental Results
All tensile tests were performed using a hydraulic tensile testing device with a maximum capacity of 1000 kN. The load was applied quasi statically with an average speed lower than 0.01 mm/s. The displacements fields were measured optically using two stereo vision DIC systems, one for the bottom welds and one for the top welds, on one side of the specimen. The load-displacement curves deduced from those measurements can be found in Figure 1 . As can be seen from Figure 1 , all failure modes were ductile. All cracks initiated in the start or end zone of the weld (in the end crater for most welds) and propagated until failure was reached. Typical failure modes for a longitudinal and a transverse weld can be seen in Figure 2 . In general, the welds failed in the fusion zone at an angle ranging between 30° and 50° measured from the plate surface. Because the failure occurs in the weld metal, the intermittent undercut, which is visible in some welds, did not influence the ultimate load. 
Assessment of the Design Rules
The area of the weld throat plane has a direct influence on the ultimate strength of the weld. In reality, the weld throat height varies along the length of the weld, especially in the start and end zone where a divergence to the design value could be noticed. Furthermore, a deep penetration of the weld in the base material significantly increases the strength of the weld. In the macroscopic investigation, a large penetration up to 2.5 mm for the EN 1.4404 specimens was noticed. It is therefore important to measure the actual fracture surface rather than just base the experimental stress on the theoretical 45° weld throat plane area. After the test, the fracture surface was speckled and measured by taking static pictures of it using DIC. A pointcloud on this surface was then generated using MatchID [16] , the software used for taking and post-processing the DIC pictures. Afterwards, a post processing software, in this case CloudCompare [17] , was used to calculate the area of the meshed cloud of points. The results of these measurements, together with the experimental and design ultimate loads, are provided in Table 3 . For the assessment of the design ultimate loads, the safety factor is taken as 1.0. It is worth noting that, in the evaluation of the design ultimate loads, the ultimate engineering strength fu is used together with the actual failure surface. While, for reason of consistency, the true stress should be used everywhere.
First, from Table 4 , one can notice a clear difference in strength between the two loading directions. It reaches, on average, 19% for the austenitic grades and 6% for the duplex grade. This difference was noticed by numerous authors in the literature [3, 5, 18, 19] .
Second, for all three grades, the experimental-to-predicted strength ratios are on the safe side. The tests on welds loaded in the transverse direction show an average overestimation of 27% while the welds loaded in the longitudinal direction show 12% of conservatism. Further research is still needed to investigate the degree of conservatism of the current design rules when using a lower correlation factor for all stainless steel grades in all loading directions. An ongoing test campaign on duplex stainless steel longitudinal and transverse welds, including various welding processes will supplement the presented study and allow for a full statistical evaluation in the near future.
Third, the difference in ultimate strengths among the different grades originates from both the mechanical behaviour of the base material and of the filler material. The influence of the strength of the consumable on the ultimate strength of the weld was disregarded in this study. However, in the literature [18] , it was shown that the effect of the mechanical properties of the welding consumable has an influence on the strength ratio. It is also evidenced herein by the comparison of the strength ratios of both austenitic grades showing an average strength ratio of 1.01 and 1.16 for the longitudinal direction for respectively the EN 1.4307 and 1.4404 grade, while both base metals exhibit very similar stress-strain behaviour [11] . 
Conclusions
In this paper, the applicability of the design rules in EN 1993-1-4 [5] and EN 1993-1-8 [6] is assessed based on 18 experiments on stainless steel welded specimens. The experimental programme includes 3 stainless steel grades: austenitic EN 1.4307, also known as 304L, austenitic EN 1.4404, or 316L, and lean duplex EN 1.4062. Two loading directions were tested. The transverse loading direction, causing a combination of normal (perpendicular to the weld throat plane) and shear (in the weld throat plane, perpendicular to the weld throat axis) stresses, clearly showed a higher experimental-to-predicted strength ratio for all grades. The longitudinally loaded specimens, causing shear stresses (in the weld throat plane, parallel to the weld throat axis), showed a lower strength ratio. Based on this preliminary estimation, it could be concluded that the current European design rules [3, 6] , using a βw of 1.0, give conservative predictions for all grades and loading directions, with an average strength ratio 1.12 for the longitudinal direction and 1.27 for the transverse direction. The average strength ratio for duplex stainless steel specimen suggests that a lower correlation factor βw for these grades should be recommended. More tests with various welding processes are ongoing to allow for a statistical evaluation of the correlation factor βw. Three important parameters will be taken into account: (1) The effect of the mechanical properties of the welding consumable, relative to the base material; (2) the true strength of the base metal; and (3) the angle of the fracture surface to the plate as, presently, Von Mises comparison stress was calculated based on the assumption that this angle equals 45°.
